Purpose -The purpose of this paper was to study the genetic variability, heritability, heat tolerance indices and phenotypic and genotypic correlation studies for traits of 250 elite International Center for Agricultural Research in the Dry Areas (ICARDA) bread wheat genotypes under high temperature in Wad Medani, Center in Sudan.
Introduction
Bread wheat is adapted to many different environments, such as heat-stress conditions. In such areas, heat stress is one of the most important production challenges for wheat. The expected rising global temperature of 1-4°C over the next 50 years will have an effect on the production of wheat in the tropics through heat stress (Hansen, 2006) . Heat stress affects more than 30 million hectares of wheat annually in the world and leading to significant grain yield reduction (Battisti and Naylor, 2010) . High temperature is reported to decrease yields by 3 to 5 per cent per every 1°C increase above 15°C in plants under controlled conditions (Gibson and Paulsen, 1999) . In addition, the effect of climate change is also evident on the quality of wheat, as increased heat results in shriveled wheat grains (Tadesse et al., 2013) . To adapt new crop varieties to the future climate, we need to understand how crops respond to elevated temperatures and how tolerance to heat can be improved (Halford, 2009) . Success in crop improvement generally depends on the magnitude of genetic variability and the extent to which the desirable characters are important. Germplasm evaluation will be of great significance for selection of heat-tolerant genotypes and for improving grain yield under high temperature. Thus, the objectives of the research were to study the genetic variability, heritability, heat tolerance indices and phenotypic and genotypic correlation studies for traits of 250 elite International Center for Agricultural Research in the Dry Areas (ICARDA) bread wheat genotypes under high temperature in Wad Medani, Sudan.
Materials and methods

Experimental site
The experiments were conducted twice. The first sowing date (SOD) was on 20 November 20and the second SOD was on December 12 in season (2016/17) at the Gezira Research Farm (GRF) of the Agricultural Research Corporation (ARC), Wad Medani, Sudan (latitude 14°-24N and longitude 29°-33¨E and 407 masl). The site of GRF is classified as heavy clay soil, with a low pH of about 8.0-8.4, low organic matter (0.05), deficient in nitrogen (380 ppm), and phosphorus (ESP, 4 ppm).
Traits of bread wheat genotypes
Experimental materials Experiments were conducted using 250 genotypes selected from different advanced yield trials introduction from ICARDA, genotypes including three genotypes as checks, namely Imam, Goumria and Nebta.
Experimental design and cultural practices
Experiments were arranged in an alpha lattice design with two replications. Plots consisted of four rows, 3 m long and 0.2 m apart. Seeds were sown at the rate of 120 kg/ha. The recommended dose of fertilizer (43 kg P2 O5/ha) was applied prior to sowing, and 86 kg N/ha as urea was applied with the second and fourth irrigations. The experiments were irrigated at 10-12 days' interval.
Measurements
Data were recorded on score (1-5), 5 = best of ground cover at full ground cover, canopy temperature (CT) measured by infrared thermometer before and after heading, chlorophyll content measured by SPAD before and after heading, days to heading and maturity, plant height, number of spikes/m 2 , number of seeds/spike, 1,000 seed weight, biomass, harvest index and grain yield.
Statistical analysis
The data were statistically analyzed using Genestat. Correlation figures were calculated using excel computer program and genotypic correlations were calculated using META-R.
According to Comstock and Robinson (1952) , broad sense heritability (h b 2 ) estimates for yield and the related traits were computed as the ratio of genotypic variance to phenotypic variance. h 2 b per cent = (s 2 g /s 2 p ) Â 100, where h 2 b = broad sense heritability, s 2 g = the genotypic variance and s 2 p = the phenotypic variance. Genotypic variance (V g ) = s 2 g = (m t -m e)/ r, where m t = mean of sum of squares for genotypes, m e = mean of sum of squares for error and r = number of replications:
The mean values were used for genetic analyses to determine phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV), according to Singh and Chaudhary (1985) , using:
where s 2 p = phenotypic variation, s 2 g = genotypic variation, and x = grand mean of the character studied The GCV and PCV values were categorized as low (0-10 per cent), moderate (10-20 per cent) and high (20 per cent and above) values, as indicated by Burton and de vane (1953) .
The genetic advance (GA) per cent method suggested by Singh and Chaudhary (1985) was calculated as K:
where:GA: genetic advance,K: constant = 2.06 at 5 per cent selection intensity,s p: square root of phenotypic variance, and h 2 b : heritability.
Heat tolerance indicators SSI = 1 À (ys/yp)/1 À ys= yp (Fischer and Maurer,1978) ; mean productivity (MP) = yp þ ys/2 (Hossain et al., 1990) ; TOL = yp À ys (Hossain et al., 1990) ; stress tolerance index (STI) = yp *ys/p 2 y (Fernandez, 1992) ; geometric mean productivity (GMP) = ffiffiffiffiffiffiffiffiffiffiffi ffi yp xys p (Fernandez, 1992) ; yield index (YI) = ys/ ys (Gavuzzi et al., 1997) ; and yield stability index (YSI) = ys/yp (Bouslama and Schapaugh, 1984) .
Sowing dates conditions (temperatures)
Compare between two SODs, as generally the mean temperature in the first SOD at a critical period of growth (from December 20 to January 20) is higher than the second SOD at a critical period (from the end of January to the end of February). The maximum and minimum temperatures were reduced by 3°C in the second SOD when compared to the first SOD of the critical stage of crop growth shown in Table I and Figure 1 . 
Traits of bread wheat genotypes
Results and discussion Phenotypic variation Yield and yield components variation. Highly significant differences were found for yield and yield components for two SODs, except the 1,000 seed weight and the harvest index in the first SOD were found to be significantly different (Table II) . These variations among genotypes for their traits reflect their different genetic backgrounds. These results were in agreement with those of Reynolds et al. (1994) , Elahmadi et al. (1996) , Khopra and Viswanthan (1999) and Slafer et al's. (2005) . They showed significant phenotypic variability for different traits, such as number of spikes m À2 , number of grain per spike, harvest index and biomass and grain yield. Genotypes differed significantly for these traits among these experiments, indicating the presence of a sufficient genetic variability to identify the best genotypes. The maximum, minimum and mean for spikes m À2 , harvest index and 1,000 seed weight were almost similar for the first and the second SODs, whereas there was a great difference between the two SODs in terms of grain yield and biomass for maximum and mean values. The maximum grain yield was 4,016 and 5,120 kg/ha , and the maximum biomass was 11,032 and 13,625 kg/ha for the first and the second SODs, respectively (Table II) . This difference is due to the difference in temperature, as the second SOD is generally cooler than the first SOD.
Physiological traits variations. The maximum, minimum and mean values for score of ground cover (1-5, where 5 = best), canopy temperature (before and after heading) and chlorophyll content (before and post heading) of the 250 genotypes in the two SODs are shown in Table III . Significant differences among the tested genotypes for these physiological traits were found, and similar results for variations of these traits were found by Rahman et al. (1997) and Reynolds et al. (2007) .
Morphological traits variations. Highly significant genotypic differences were found for days to heading, days to maturity, plant height and number of spike/m 2 (Table IV) . There was a wide range of variations in these traits; days to heading ranged from 41 to 70, days to maturity ranged from 73 to 102, plant height ranged from 44 to 87 cm and the number of spike/m 2 ranged from 202 to 586. This variation depends on the heat and stress tolerance levels of genotypes. A large variation in the degree of response of bread wheat to heat stress was observed for various traits, including days to heading and maturity and plant height (Elahmadi et al., 1996) .
Genotypic variations. Genotypic variance, phenotypic variance, genotypic coefficient of variability (GCV), phenotypic coefficient of variability (PCV), broad-sense heritability and Tables V and VI for the first and the second SODs, respectively. Genotypic variance ranged from 944 to 4,016 kg/ha and 1,192 to 5,120 kg/ha for grain yield in the first and second SODs, respectively. The little differences between GCV and PCV observed for all the traits in the two SODs indicate that there was little influence of environmental factors on their phenotypic expression. Burton and De Vane (1953) classified PCV and GCV values as high (> 20 per cent), medium (10-20 per cent) and low (< 10 per cent). Accordingly, high PCV and GCV were observed in grain yield and biomass in the two SODs. A similar result was found by Tarekegne et al. (1994) , who reported high PCV and GCV in yield and biomass. High heritability in the broad sense (h 2 b ) was estimated for days to heading and ranged from 87.5 per cent to 70.4 per cent and days to maturity ranged from 87.5 per cent to 56.2 per cent for the first and the second SODs, respectively. The phenotypic is a good index of genotypic in these traits. Selection for the traits is also easy (Elahmadi et al., 1996) . Moderate heritability estimates were found for grain yield and ranged from 44 per cent to 63.6 per cent, biomass ranged from.37.8 per cent to 49.1 per cent and canopy temperature after heading ranged from 44.2 per cent to 48 per cent for the first and the second SODs, respectively. The moderate heritability estimate for grain yield was attributed to the fact that yield was a quantitative trait that was controlled by many genes (Sidwell et al., 1976) . Reynolds et al. (1997) reported sensitivity of canopy temperature to environmental fluxes along with moderate heritability in bread wheat. The GA per cent estimate for grain yield ranged from 0.6 to 3.7, biomass ranged from 1.3 to 7.3, harvest index ranged from 1.2 to 2.1, 1,000 seed weight ranged from 2.7 to 1.9, number of Traits of bread wheat genotypes seed/spike ranged from 4 to 4.4, canopy temperature after heading ranged from 1.3 to 1.2 and chlorophyll content ranged from 2.1 to 2.2. In the case of the yield among various cultivars, it must be borne in mind that overall variability depends on heritable and nonheritable components; estimates of heritability and genetic advances are important preliminary steps in any breeding program, as they provide information needed in designing the most effective breeding program and the relative practicability of selection.
Heat tolerance indices. Heat tolerance indices were calculated on the basis of grain yield of the top 20 genotypes in the second SOD, in addition to three varieties as checks (Table VII) . The top 20 genotypes are better than the best check in the two SODs and 7 Note: CT = canopy temperature, Chl = chlorophyll content, s 2 p = phenotypic variance, s 2 g = genotypic variance, PCV = phenotypic coefficient of variance, GCV = genotypic coefficient of variance, h 2 b = broad sense heritability and GA = genetic advance Notes: CT = canopy temperature, Chl = chlorophyll content, s 2 p = phenotypic variance, s 2 g = genotypic variance, PCV = phenotypic coefficient of variance, GCV = genotypic coefficient of variance, h 2 b = broad sense heritability and GA = genetic advance IJCCSM 11,5 genotypes; genotype numbers 248, 139, 143, 27, 67, 192 and 152 produced high grain yield under both the first and second SODs. Similar of these genotypes numbers 192, 152, 67, 134, 27, 139, 248 in addition Imam (check) were showed smaller tolerance (TOL) values, indicating that these genotypes had a smaller yield reduction under heat-stressed conditions and they showed higher heat SSI. Nouri et al. (2011) reported that smaller TOL and higher SSI are favored. The mechanism of a smaller TOL and a higher SSI is crucial for heat TOL, especially in Sudan, as Imam (ATTILA-7), the most important variety, is still growing in Sudan. In this study, all these genotypes (seven common) follow this mechanism. A similar mechanism can use the STI to identify the best genotypes tolerant to heat and can also use STI to identify broad adapted genotypes that produce high yield under both stressed and non-stressed conditions. The higher values ofSTI were found for same (seven common) with little variation of rank.
Traits associations
Phenotypic and genotypic correlations. Phenotypic and genotypic correlation coefficients of grain yield and some important traits of the 250 genotypes in the first and second SODs are presented in Tables VIII and IX, respectively. Both phenotypic and genotypic correlations in grain yield were positively and significantly correlated with biomass, harvest index, number of spikes/m 2 , number of seeds/spike and days to heading and maturity in both the SODs. Notes: GY = grain yield (kg/ha), BI = biomass (kg/ha), HI = heaviest index, No of SP/m 2 = number of spikes/m 2 , No of SE/SP = number of seed/spike, PH = plant high (cm), DH = days to heading, DM = days to maturity, GFP = grain filing period CT 1 = canopy temperature before heading, CT 2 = canopy temperature after heading, CHL 1 = chlorophyll content before heading and CHL 2 = chlorophyll content after heading 
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Notes: GY = grain yield (kg/ha), BI = biomass (kg/ha), HI = heaviest index, No of SP/m 2 = number of spikes/m 2 , No of SE/SP = number of seed/spike, PH = plant high (cm), DH = days to heading, DM = days to maturity, GFP = grain filing period CT 1 = canopy temperature before heading, CT 2 = canopy temperature after heading, CHL 1 = chlorophyll content before heading and CHL 2 = chlorophyll content after heading 
Traits of bread wheat genotypes
Many research workers reported similar findings; biomass, harvest index and number of spikes/m 2 are significant selection criteria for yield under high-temperature conditions (Hezhong and Rajaram, 1994; Tamman et al., 2000) . In addition, Narwal et al. (1999) reported that numbers of seeds/spike were positively correlated with grain yield. Figures 1-4 represented the phenotypic correlations of biomass and harvest index in the two SODs with yield, and Figures 5 and 6 represented the phenotypic correlations of days to heading with yield in the two SODs, whereas Figures 7 and 8 represented the phenotypic correlation Traits of bread wheat genotypes number of seeds/spike with yield in the two SODs. Grain yield was negative and significant for phenotypic and genotypic correlations with canopy temperature at before and after heading in both the SODs (Tables VII and VIII ). In addition, canopy temperature before and after heading in the two SODs was negative and significant for genotypic correlations with number of spikes/m 2 and days to heading and maturity in both SODs. Canopy temperature after heading in the two SODs was negative and significant for genotypic correlations with number of seeds/spike. This result is important because the adaption of genotypes at this stage (post-heading) to high temperature leads to an increase in the number of seeds/spike and then high productivity. Reynolds et al. (1998) reported that canopy temperature showed negative correlation with yield and high values of proportion of direct response to selection. The trait is best expressed at a high vapor-pressure-deficit condition associated with low relative humidity and warm air temperature (Amani et al., 1996) . Figures 9-12 represented the phenotypic correlations of canopy temperature before and after heading in the two SODs with yield. 
